Introduction
Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac condition, and left ventricular (LV) outflow obstruction, present at rest or induced (by Valsalva maneuver, exercise, amyl nitrite inhalation) in the majority of patients with HCM, is recognized as an important cause of morbidity and mortality. [1] [2] [3] Management of symptomatic obstructive HCM ranges from medications and lifestyle modifications to more invasive treatment options including alcohol septal ablation and surgical septal myectomy forming a key part of management of patients with HCM. 4 For this reason, the accurate assessment of left ventricular outflow tract (LVOT) obstruction is clinically important. In daily clinical practice, this assessment is performed by transthoracic 2D echocardiogram (TTE) and Doppler examination. The dynamic nature of LVOT obstruction has been documented for more than 50 years. It is also well known that changes in preload, afterload, and contractility can produce profound effects in the magnitude of LVOT obstruction. This phenomenon is well illustrated at the bedside with dynamic auscultation. The murmur of LVOT obstruction increases in intensity during Valsalva strain and on assuming upright/ standing position (proposed mechanism-reduced preload). Conversely, the LVOT obstruction decreases, and the murmur gets softer on passive leg raising and on prompt squatting (proposed mechanism-increased preload). However, the effect of normal respiration and respiratory-related changes in gradient is not described in any standard cardiology textbooks. [5] [6] [7] We, therefore, describe LVOT obstruction in HCM patients related to the phases of respiration.
Methods
We evaluated patients with obstructive HCM seen at the Hypertrophic Cardiomyopathy Outpatient Clinic at Aurora Health Care, St. Luke's Medical Center, Milwaukee, WI, USA. Comprehensive TTE was performed by dedicated sonographers as part of the HCM clinic evaluation immediately prior to cardiac consultation. All patients were awake and breathing normally during the examination. Echocardiograms were acquired using GE Vivid E9 and E95 platforms (GE Ultrasound Medical Systems, Milwaukee, WI, USA) using the M5Sc phased-array transthoracic transducer (range 2-4.5 MHz). Assessment of LVOT obstruction was performed from the apical window (apical long-axis or apical fivechamber views) using continuous-wave spectral Doppler; peak gradient was calculated from peak velocity using the modified Bernoulli equation.
Resting gradients as well as gradients during the Valsalva manoeuvre were obtained. TTE images were routinely reviewed prior to the patient leaving the echocardiography suite. Significant variations in LVOT velocities were observed in the continuous-wave Doppler tracings of some patients. This variation was noted to be significant and not beat-to-beat dependent but rather appeared cyclical over several heart beats-the pattern and timing suggested that the variation was related to respiratory cycles. This prompted the use of a respirometer, which revealed counterintuitive findings of lower gradients during inspiration and higher gradients during expiration. These observations were noted in 20 patients described in this report (Group 1). Clinical information on an additional 20 cases of HCM seen in the Hypertrophic Cardiomyopathy Clinic was collected and formed the control group (Group 2) -these patients were selected if they demonstrated septal hypertrophy with resting LVOT obstruction and no respiratory variation was noted on their Doppler tracing. LVOT gradients were reassessed in relationship to respiratory stages (inspiration and expiration) and these dedicated images were acquired. Furthermore, during acquisition of these Doppler signals, particular attention was also directed to avoid any mixing of the LVOT obstruction Doppler signals with mitral regurgitation signals. We also ensured that the strength of the signals of mitral inflow and LV outflow were similar, minimizing any minor change in angle of insonation with respiration. In this study, LV end-diastolic volume assessment was not performed; instead, in 11 patients, mitral annulus flow was interrogated to evaluate changes in LV inflow (preload) with respiration. Pulsed-wave Doppler sample volume was placed at mitral annulus, and time velocity integral (TVI) was measured during inspiration and expiration. Additionally, in 16 patients, isovolumic relaxation time (IVRT) and ejection time (ET) were also measured during inspiration and expiration. Invasive cardiac haemodynamics in six patients were evaluated in the cardiac catheterization laboratory with simultaneous recordings of pressure in the aorta and the left ventricle. Clinical variables were queried from the Aurora Health Care electronic health record (EPIC Systems, Verona, WI, USA). Approval for this study was granted by the Aurora Health Care Institutional Review Board.
Patient characteristics are presented as means ± SD and or median, minimum, maximum and range for continuous variables. The normality assumption was assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests with associated p values greater than or equal to 5% implying inference based on parametric tests are valid. Comparison between group 1 (HCM patients with LVOT respiratory variation) and group 2 (HCM patients -control group) was performed using the two sample t test to assess differences in the continuous variables The paired two sample t test was done for the dependent patient characteristics IVRT and ejection time during inspiration and expiration. All analyses were done using SAS Version 9.4 (SAS Institute, Cary, NC) and tests were performed at a 5% level of significance (p < .05).
Results
Twenty patients are included in this case series (Group 1)-a summary of patient characteristics are presented in Table 1 . Mean age of patients was 62.1 ± 13.1 years, and 12 patients (60%) were female. All patients had significant septal hypertrophy, with the average septal thickness of 2.18 cm ± 0.29 cm. Eleven patients underwent genetic testing, and four patients were found to have pathogenic mutations. Of the 11 patients who underwent cardiac MRI, 9 patients were noted to have delayed enhancement with gadolinium. All patients were taking beta-blockers at the time of TTE-11 patients were additionally prescribed calcium channel blocker and 4 patients were also taking disopyramide. Implantable cardiac defibrillators were in place in four patients. Six patients subsequently underwent alcohol septal ablation. All Group 1 patients had LVOT obstruction at rest (65.9 ± 32.6 mmHg), which increased during Valsalva manoeuvre (113 ± 41.8 mmHg). LVOT gradients varied widely during the respiratory cycle in all 20 patients in this study group (3 case examples- Figures 1-3 ). Peak gradients were uniformly lowest during inspiration (50.8 mmHg ± 25.6) and highest during expiration (90.1 mmHg ± 41.8) (P < 0.05) ( Figure 4 ). On average, there was mean 82.4% ± 39.1 (median 66.5% change, minimum change 22%, maximum change 187%) (P < 0.0001) increase in gradient from inspiration to expiration. This change in gradient could not be accounted for by changes in heart rate, as R-R intervals were similar Mitral annulus flow was performed and TVI was measured in 11 patients at inspiration and at expiration. In these patients, average inspiration TVI was significantly smaller than average expiration TVI (inspiration 14.3 cm ± 3.8 vs. expiration TVI 17.0 ± 4.3, P = 0.0007).
During inspiration, there was a 15.9% decline in preload compared with expiration. IVRT was recorded in 16 patients, and mean IVRT at inspiration was longer than at expiration [inspiration 110.9 ms ± 28.5 vs. expiration 83.0 ms ± 23.7 (P < 0.0001)]. Correspondingly, ET was shorter during inspiration [inspiration 314.6 ms ± 24.6 vs. expiration 339.9 ms ± 27.3 (P < 0.0001)]. Six patients underwent cardiac catheterization. Pressure recordings were obtained in the cardiac catheterization laboratory along with a respirometer to mark inspiration and expiration. As can be seen in these two examples from patients ( Figure 5A and B), respiratory variation was noted in the cardiac catheterization laboratory as well.
The 20 patients in Group 2 had a mean age of 56.7 years ± 17.0, and mean septal wall thickness was 2.24 cm ± 0.5. All patients in Group 2 had resting LVOT obstruction (50.1 mmHg ± 31.2) which increased with Valsalva maneuver (65.1 mmHg ± 35.3). There was no difference in LVOT obstruction between inspiration and expiration in the control group. In six of these patients, genotype testing ) and was also noted to have moderate pulmonary hypertension (PASP 51 mmHg). Panel B demonstrates initial spectral Doppler performed on patient to quantify the left ventricular outflow (LVOT) obstruction. Note the variation in velocities is beat to beat, but there is cyclical grouping of beats suggestive of respiratory-related variation. Without a respirometer, it could be surmised that the third beat (highest velocity) occurred during inspiration when LVOT obstruction would be expected to increase as preload decreased. However, in Panel C, when a respirometer was placed, a paradox was observed (upward deflection represents inspiration, downward deflection represents expiration). During inspiration, the LVOT obstruction decreased (the second and fifth beats) and increased during expiration (third, fourth, and sixth beats). 
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identified pathogenic mutations. There were no significant differences in maximal wall thickness (study group 2.2 cm ± 0.3 vs control group 2.2 cm ± 0.5 (p = .63)), resting LVOT obstruction (study group 66 ± 32.7 vs control group 50.1 ± 31.2 (p = .12)) between the study and the control groups. However, mean BMI was significantly smaller in the control group (study group 35.1 ± 7.3 vs. control group 28.4 ± 4.8, P = 0.0013). Only five patients in Group 2 were noted to have OSA (n = 4 definite OSA, n = 1 probable OSA on the basis of nightly pulse oximetry testing) compared with 15 patients with sleep-disordered breathing in Group 1.
Discussion
This case series demonstrates the profound effect of normal spontaneous respiration on LVOT obstruction in select obese and awake patients with HCM. Inspiration was uniformly noted to have the lowest gradients, whereas the highest gradients were noted during expiration. These observations are unexpected and counterintuitive, contradicting the traditional teaching of the haemodynamic effects of respiration on the heart, which have focused on volume changes in the left and right hearts with breathing. 8, 9 During normal respiration, negative intrathoracic pressure during inspiration leads to increased systemic venous return to the right side, leading to increase in right atrial and right ventricular filling. As the lungs expand, the pulmonary vascular bed increases its capacitance and blood pools in these vessels, leading to decreased filling of the left atrium and left ventricle (decreased preload). These variations are small in healthy individuals (less than 10% between in inspiration and expiration is considered normal) and of little significant haemodynamic consequence as evidenced by minor variations in mitral and tricuspid valve inflow in healthy individuals and a small decrease in systemic stroke volume and in blood pressure as a consequence. 10 This volume-based theory also forms the basis of our understanding of cardiac murmur intensity in valvular diseases-left-sided murmurs decrease in intensity due to decreased preload during inspiration, whereas the intensity of rightsided murmurs increases. 5 If one extends the volume-based model to HCM patients with LVOT obstruction, then decreased LV preload with inspiration intuitively should lead to an increase in LVOT obstruction. While we documented a decreased LV preload of nearly 16% during inspiration, we observed a counterintuitive decrease in LVOT obstruction with inspiration.
We were able to measure ET and IVRT in relation with the phases of respiration in 16 of 20 patients. LV ET increased during expiration (inspiration mean 314.6 ms vs. expiration mean 339.9 ms, P < 0.0001), consistent with the observed increased LVOT obstruction during expiration. Mean IVRT was 110.9 ms during inspiration and 83.0 ms during expiration (P < 0.0001). IVRT shortened during expiration on account of two mechanisms: first, due to prolongation of ET from increased LVOT obstruction; secondly, as a result of increased LA pressure from increased MR when the LV outflow gradient was maximum, which is expected to result in worsening mitral regurgitation, in turn, increasing the left atrial pressure in conjunction with increased left atrial filling from pulmonary veins during expiration. IVRT was significantly longer during inspiration, reflecting a shorter ET as well as reduced left atrial pressure from, inferred to be from, less LVOT obstruction and decreased pulmonary venous flow into the left atrium. Hence, our observed variation in LVOT gradients with respiration are real changes in hemodynamics with respiration and do not represent spurious findings due to changes in the angle of insonation during respiration.
Looking for an explanation for our observations, we searched the literature and discovered that these observations were, indeed, first recorded in a case series over 50 years ago in 1965. 11 Shah et al. 11 studied nine patients in the cardiac catheterization laboratory. They instructed their sedated patients to take deep inspirations during their pressure recordings (exaggerated respiration). They noted a decrease in LVOT obstruction with deep inspiration; they concluded that LV volume increased with inspiration, contrary to traditional teaching, and used that explanation for their observations. In 1973, Massumi published a case report of two patients with HCM, who were also obese. 12 They noted a decrease in LVOT obstruction also with exaggerated respiration, attributing increased LVOT obstruction with expiration to a mild Valsalva manoeuvre. They termed this observation 'reversed pulsus paradoxus.' Buda et al. 13 reported, in 1981, a series of nine patients with muscular subaortic stenosis who underwent cardiac catheterization. These sedated patients were instructed to take deep breaths during the haemodynamic study, and a decrease in LVOT gradients were observed with deep inspiration (60 þ 11 mmHg vs. 34 þ 6 mmHg). These authors postulated that deep inspiration increased the LV transmural pressure (LVTMP), effectively increasing LV afterload, and decreasing LVOT obstruction. These observations of respiratory-induced changes in LVOT obstruction remained buried in the literature for three decades, until two case reports published in 2004 and 2010, each based upon a single patient from the same institution (Mayo Clinic). 14, 15 Brilakas et al. 14 and Schwartenzberg et al. 15 also noted this observation in two sedated patients in the cardiac catheterization laboratory. Thus, our study is the only study to date in the literature to document this haemodynamic paradox prospectively in non-sedated and non-fasting patients during normal, quiet spontaneous respiration. This is significant, as it suggests that this observation occurs in the daily life of overweight patients with HCM and sleepdisordered breathing. Thus, this select group of patients with obstructive HCM have marked variations in the severity of their obstruction in a resting state, and this severity is likely compounded when exposed to other haemodynamic factors.
The soundest explanation for our findings appears to be an increase in LVTMP with inspiration ( Figure 6 ). In addition to changes in LV preload, LVOT obstruction is well known to be sensitive to afterload changes, 16 as seen by response to inhalation of amyl nitrite leading to peripheral arterial vasodilation, which decreases afterload, leading to increased LVOT obstruction. On the contrary, handgrip manoeuvre or infusion of phenylephrine leads to peripheral vasoconstriction, which increase afterload, resulting in a decrease in LVOT obstruction. Therefore, we theorize that the transmission of increased negative intrathoracic pressure results in an increase of LV afterload via LVTMP. This effective afterload increase results in reduced LVOT obstruction, analogous to a handgrip manoeuvre. LVTMP is the systolic pressure corrected for intrathoracic pressure (LVTMP = systolic pressure -intrapleural pressure) 16 and is considered to be a more accurate representation of cardiac afterload, and LVTMP is increased in inspiration. [17] [18] [19] During inspiration, the intrathoracic pressure becomes negative, and, thus, even though systolic arterial pressure may decrease slightly, the net effect is a slight increase in LVTMP. We documented this in six patients who underwent haemodynamic evaluation in the cardiac catheterization laboratory-during deep inspiration, intrathoracic pressure became markedly negative, thus increasing LVTMP (increased afterload) and resulting in a decrease in LVOT obstruction. As LVOT gradients in HCM are known to be extremely labile based on loading conditions, therefore increased LV afterload (LVTMP) over-rides the effect of decreased preload and results in the reduction of obstructive gradients we observed during inspiration. In the normal healthy heart, preload mediated effects are predominant, whereas in HCM patients, afterload sensitivity can be profound. In our study, all Group 1 patients were overweight and a high percentage had sleep-disordered breathing. Both issues could be contributing to generation of greater negative intrathoracic pressure during quiet inspiration, thus leading to increased LV wall stress. OSA is known to decrease lung compliance, thus augmenting negative intrathoracic pressure changes during inspiration. Inspiration against a threshold load has been demonstrated to further decrease the relative LV stroke volume. 20 Obese patients also demonstrate reduced lung compliance, 21 proportional to BMI-as BMI increases, lung compliance reduces. This relationship is particularly seen in the recumbent position. 22, 23 Thus, sleep-disordered breathing and obesity decrease lung compliance by virtue of increasing the negative intrathoracic pressure that must be generated for any given tidal volume-these larger swings may offer an explanation for our observation in these 20 cases. Furthermore, we speculate that our observation may offer a link between observed morbidity in patients with HCM and sleep-disordered breathing. concept that afterload is also increased during inspiration and can over-ride the effect of decreased preload, hence decreasing LVOT obstruction, is not one that is widely known to clinicians. Our report doubles the number of cases in which this observation has been reported, thus offering a redux of this paradox initially described over 50 years ago.
Study limitations
Limitations include the inability to directly measure intrathoracic pressure. In addition, volumetric analysis of the left ventricle was not performed at inspiration and expiration due to limitations of image acquisition. Additionally, it is unknown at what critical negative inspiratory thoracic pressure the LVTMP will overcome the opposing influences of decreased preload during inspiration. It is also important to point out the inherent limitation that may exist in interpreting data across several respiratory and cardiac cycles, as a normal respiratory cycle extends across several cardiac cycles. The heart also exhibits translational motion during respiration, although the order of magnitude of change in LV outflow gradients demonstrated here surpasses the minor changes that can be demonstrated with mild angle variations during respiration; additionally, echocardiograms were performed under direct supervision of the senior author to ensure that translational motion on angle of Doppler recording was minimal; particular attention was also paid to patient breathing, to ensure normal, quiet, spontaneous respiration, and not exaggerated respiration.
In addition, changes in preload, afterload, and intrathoracic pressure do not occur in isolation, and an integrative approach is needed to understand the summative effects of these respiratory changes on cardiac haemodynamics. This study provides an assessment of 20 patients observed through clinical practice in a dedicated Hypertrophic Cardiomyopathy Clinic; as not all patients with HCM and LVOT obstruction routinely underwent gradient measurements with respiration, it is possible that many other patients could have been detected.
Conclusions
We report the largest case series of respiratory variation of LVOT obstruction in HCM in awake and non-sedated patients during normal quiet respiration. We noted these significant and counterintuitive variations based only on conventional preload mechanisms. This study provides evidence of changes in LVOT gradients (decrease in inspiration; increase in expiration) with spontaneous respiration in HCM patients, challenging traditional haemodynamic concepts. These findings provide a foundation for future studies to help identify the mechanistic considerations and clinical implications of altered respiratory mechanics in HCM patients, particularly in those who are obese and in those with sleep-disordered breathing. These findings also have significant clinical implications on the diagnosis and assessment of severity of obstructive HCM. 
